The temperature-dependent characteristic of band offsets at the heterojunction interface was studied by an internal photoemission (IPE) method. In contrast to the traditional Fowler method independent of the temperature (T), this method takes into account carrier thermalization and carrier/dopant-induced band-renormalization and band-tailing effects, and thus measures the band-offset parameter at different temperatures. Despite intensive studies in the past few decades, the T dependence of this key band parameter is still not well understood. Re-examining a p-type doped GaAs emitter/undoped Al x Ga 1−x As barrier heterojunction system disclosed its previously ignored T dependency in the valence-band offset, with a variation up to ∼−10 −4 eV/K in order to accommodate the difference in the T -dependent band gaps between GaAs and AlGaAs. Through determining the Fermi energy level (E f ), IPE is able to distinguish the impurity (IB) and valence bands (VB) of extrinsic semiconductors. One important example is to determine E f of dilute magnetic semiconductors such as GaMnAs, and to understand whether it is in the IB or VB.
I. INTRODUCTION
Since its first application in lasers, the concept of heterostructure has become the basis of modern optoelectronics and high-speed microelectronics.
1 Among the most important aspects in a junction consisting of two dissimilar materials is its heterointerface at which differences in band gaps give rise to a band offset across the interface. Offering the possibility of designing confinements for electrons/holes and photons, the band offsets are determinative for the characteristics of semiconductor heterojunction based devices. Given its significance, it was not surprising that this parameter was studied by numerous methods, 2-4 still without overall agreement. With respect to heterojunctions where experimental data are unavailable, the common practice is to use the model-solid theory. 5 Throughout the literature, band offsets were generally taken to be temperature (T ) independent, based on the assumption that band gaps of heterojunction constituents have equal temperature coefficients, 6 or probably owing to the lack of a general study on the T dependency. 7, 8 Here, we report a method that can measure the T variations of band offsets. The temperature coefficients of the valence-band offsets were determined for GaAs/Al x Ga 1−x As heterojunctions, which were usually believed to have constant offset values over temperatures.
The band offsets can be expressed by E c(v) = E c(v),0 + V , where E c (v) is the offset between the conduction (valence) bands [CBs (VBs)] of two semiconductors in a heterojunction. E c(v) consists of two contributions:
E c(v),0 , which is a quantity describing the bulk properties of semiconductors, and V , the electrostatic potential lineup 9 of the junction. V results from the local reconstruction of atomic and electronic structure at the heterointerface. As V is trivial for lattice-matched isovalent heterojunctions such as GaAs/AlGaAs, 10 the T dependence of band offsets can be identified from the difference in band gaps ( E T g ≡ E T c,0 + E T v,0 ) between heterojunction constituents and using tabulated band-gap parameters. 6, 7 One of the examples is the mercury cadmium telluride (MCT) junction. Owing to the opposite T variations of band gaps between HgTe and CdTe, E g shows appreciable dependence on the temperature. However, controversial observations with opposite trends of the T dependence still exist. 11 Based on photoluminescence (PL) measurements and fittings, Becker et al. 11 obtained a negative temperature coefficient of E T v . Their results are contrary to earlier reports 11, 12 with increased E v at high temperatures. According to the band-gap parameters, 13 the band offsets should decrease with temperature, thus justifying the T -dependent trend obtained by Becker et al. Nevertheless, further studies on heterojunctions consisting of Hg 1−x Cd x Te/Hg 1−y Cd y Te could confirm this trend improving MCT-based infrared device designs.
By analyzing external photoemission experiments, Fowler 14 initially indicated possible T dependence of the work function. In terms of the electron affinity rule or the modelsolid theory, 5 the band offset should vary with temperature accordingly. In addition, attention should be given to the band-offset T dependency of heterovalent junctions, which are composed of semiconductors from different columns of the periodic table. 15 The localized electric dipoles due to net interface charge 8 strongly depends on the temperature and thus takes a critical role in the T dependence of band offsets.
In this paper, using temperature-dependent internal photoemission spectroscopy (TDIPS), we show (i) the evidence of T dependency in band offsets, (ii) the finding of previously ignored offset variation with temperatures for GaAs/Al x Ga 1−x As, and (iii) the study of electronic structure of extrinsic semiconductors, such as the Fermi energy level (E f ), band-gap renormalization (BGR) 16 and band tailing. This method is helpful to understanding the presently debated electronic structure of diluted magnetic semiconductor (DMS) (Ga,Mn)As, whether the E f lies in the impurity [18] [19] [20] or valence 21, 22 band (IB or VB). The method reported here is analogous to external photoemission.
14 However, with the emission of carriers over a barrier rather than into the vacuum, TDIPS can give a measure of the internal work function or photoemission threshold (labeled as ) and determine the band offsets at the heterointerface. The band offsets decreasing with the temperature with a variation up to ∼−10 −4 eV/K was observed in the GaAs/AlGaAs system, which should have an effect on the operation of devices in the THz range. Two important infrared material systems of InAs/GaSb and Hg 1−x Cd x Te/Hg 1−y Cd y Te have the prominent T dependence of band offsets by comparing with GaAs/Al x Ga 1−x As, and so do the hybrid photonic heterostructures 23 such as III-V/Si. The T -dependent characteristic would suggest new strategies in designing devices using these semiconductor systems.
In the next section, the theoretical basis of the TDIPS methodology is presented. Section III describes the experimental details and results. TDIPS distinguishing the IB and VB of p-type semiconductors is discussed in Sec. III A to show an accurate determination of as a function of E f . In Sec. III B, the TDIPS method is also used to reappraise the IPE data of an n-type GaAs/AlGaAs junction reported by Coluzza et al. 3 and compared with their results based on the Fowler method.
14 Based on the demonstrated accuracy of TDIPS, we obtain the band offsets of p-type GaAs/Al x Ga 1−x As heterojunctions and their T dependence. Section IV discusses the TDIPS analysis and advantages of using p-type junctions for internal photoemission (IPE) measurements. We conclude in Sec. V.
II. TEMPERATURE-DEPENDENT INTERNAL PHOTOEMISSION ANALYSIS
The IPE spectroscopy is an attractive method for studying heterojunctions. Based on the common characteristics in the generation and emission of photocarriers across a heterointerface, IPE exists in the optical processes of bulk, 24 quantum, 25 and even semiconductor-liquid electrolyte junctions. 26 The IPE signal can be detected through an electric field, 24 a second photon, 27 or second-harmonic generation. 28 The theoretical basis of IPE can be traced back to Fowler's works 14 on external photoemission of electrons from metal to vacuum. Originally, Fowler derived a photoemission yield function containing T -dependent terms, expressed by
where Y denotes the quantum yield, defined as the number of emitted carriers per one absorbed photon. f (μ) is defined as,
in which μ ≡ (hν − )/kT and hν is the photon energy. Other symbols have their usual meanings. Fowler's yield function can be actually reduced 29 to a T -independent form for hν > + 3kT , i.e.,
In spite of its original derivation for external photoemission the Fowler's yield function was applied 3 to many IPE cases; particularly, the T -independent yield expression [Eq. (3)] was adopted. To account for the difference in the electronic structures between semiconductors and metals, replacing the exponent "2" in Eq. (3) with a constant p was proposed. [30] [31] [32] [33] Typically, p varies from 1-3. 33 In spite of acceptable fittings by using best-fit values of p, the meaning of such a yield function is obscure, and importantly its independence on temperature leads to underestimated values. Such underestimation is more significant in semiconductor junctions where is much less than 1 eV.
The operating principle of TDIPS is depicted in Fig. 1 (a) in which two doping cases with E f lying (i) above and (ii) below the VB edge are schematically shown. Here, photoemission occurs by following one-photon excitation. High-energetic holes originating from states around E f by absorbing photons are injected into the VB of the barrier. Typical photoemission processes [labeled as (1) and (2)] include optical transitions and the escaping of holes. Shown in the inset of Fig. 1(a) are the schematic transfers of carriers from the VB of the emitter to the VB of the barrier. This may include photon absorption and scattering events, which direct the excited holes passing over the interface and injecting into the barrier. The holes in the emitter can be optically excited through both direct and indirect transitions. However, the transitions that provide the majority contribution to the quantum yield would rely on the incident photon energy. For the near-threshold regime, holes must end up at states near the edge of the potential barrier in order to escape over the heterointerface; hence, indirect transitions have a higher probability to occur. When the photon energy is greater than the threshold, photoexcited holes from direct transitions, which end up at higher energy states of the VBs, are capable of escaping over the barrier. This leads to the majority contribution to yield by direct transitions, because direct transitions have much higher transition rates than indirect transitions. In the present study, both direct and indirect transitions are taken into account.
As for the determination of band offsets, the most important factor is to account for the spectral line shape of the quantum yield. Therefore, the consideration of dominant processes affecting the energy distribution of carriers and their escape probabilities across the interface will be sufficient. By taking into account the photoexcitation of holes in the emitter through inter-valence-band (IVB) transitions, 34 described by an energy distribution function ρ( ,hν−E f ), and the transmission of holes over the barrier, described by a probability function of P ( , ), 35 the quantum yield reads
where C 0 is a constant independent of and hν. is the energy of photoexcited holes. is defined as the energy difference between the Fermi level and the VB edge of the barrier. The energy is scaled downward with the zero reference at the Fermi level. Equation (4) 
was used as the distribution function. This is based on an assumption that photoexcited holes remain in the same distribution as that before photoexcitation, with the only difference in energy by hν.
As a result of the FD distribution, holes with energies greater than can escape without the need of absorbing incident photons, leading to a thermionic emission term Y 0 included in Eq. (4). The photocurrent measurements 35 typically need to separate the thermionic emission component from the photoemission yield, and hence require accurate knowledge of the sample temperature which could vary due to light absorption. As suggested by Williams, 35 the true origin of the observed currents, either due to photoemission or thermionic emission, can be resolved by taking spectral measurements, since the thermionic emission current is independent of the photon energy and only gives a constant background signal. By setting Y 0 to the experimental yield value at the spectral range far below , the thermionic emission background can be distinguished from the yield spectra, allowing for a fitting to the photoemission yield component alone. In addition, a calibration of the sample temperature may be required if absorption of infrared light causes appreciable temperature variations in the sample. However, such a variation is negligible in our experiment, as our temperature controller typically has the stabilization accuracy of < ± 0.1K.
The transmission of photocarriers passing through the heterointerface is described by a probability function of P ( , ), taken as ∼( − ) for and 0 for < . This results from the escape cone model where carriers are capable of escaping over a barrier by having the normal (to the interface) momentum greater than that of the potential barrier. These carriers occupy energy states on a spherical Fermi cap in the k space. 35, 36 The spectral line shape of the quantum yield is primarily determined by the energy distribution [ρ( , 0 )] of photocarriers in the emitter. As direct transitions associate with the joint density of states (JDOS) and indirect transitions in a limited photon-energy range (e.g., the near-threshold regime with final states near the point of the barrier) are mainly determined by the occupation of initial states, 37 ρ( , 0 ) approximates to taking the density of states (DOS) line shape of the VB. Therefore, the direct and indirect transitions actually lead to the same energy dependency. For optical transitions occurring around the point, the parabolic-band approximation (PBA) is taken, giving ρ( , 0 ) ∼ ( − 0 ) 1/2 . As a result of doping into emitters, the IPE model should also handle dopants-caused effects such as the band tail. Dopants introduce potential fluctuations and a band tail atop the VB. The PBA DOS is thus modified in terms of the Kane model, 38 as shown in Fig. 1(b) . Dopants-perturbed DOS mainly changes the near-threshold line shape of the quantum yield, by increasing the yield for hν > E f + due to optical transitions from the extended states in the forbidden gap, and slightly reducing the yield for hν < E f + . This results in smaller extracted from fittings to yield spectra, compared to that using the unperturbed DOS. Influence of the band tailing on E f is believed to be negligible. 39 Another possible influence on the IPE yield could be from the difference in effective masses between the emitter and barrier. This was previously discussed by Chen et al. 40 They obtained a yield function containing effective masses based on interband transitions from VB to CB. The dependence of IPE yield on the difference of effective masses (or the Al fraction of Al x Ga 1−x As barrier for a GaAs/Al x Ga 1−x As structure) can be understood by fitting the yield data calculated from 40 the yield function of Chen et al. using a power-law function (i.e., Y ∝ γ ) where is defined 40 as (hν − E T )/qφ B with E T and qφ B the threshold energy and barrier height, respectively. It turns out that γ varies from 1.97 to 2.31 when x changes from 0.1 to 0.6. Such a variation of γ does not result in a significant change in the threshold energy being fitted. For example, Coluzza et al. 3 obtained a threshold energy of 0.218 eV for an n-type GaAs/AlGaAs structure by fitting to the yield spectrum with a square power law yield function (γ = 2). For the fittings with γ varying from 1.97 to 2.31, the threshold energy varies from 0.216 to 0.220 eV. This indicates that the influence of the variation in the γ due to effective mass mismatch on the threshold is less than 1% and hence negligible. Chen et al. 40 also predicted an effective-mass-dependent crossover on the yield spectra where the variation of yield with the photon energy starts to change. They also indicated that such a crossover was experimentally observed in the IPE experiment reported by Coluzza et al. 3 in the interband photon energy range (>1.6 eV). However, the crossover (= tr qφ B + E T , where tr is a parameter) 40 occurs at an energy typically greater than the near-threshold regime where yield analysis was carried out in order to determine the threshold energy. Based on the above reasoning, the effect of mismatch in the effective masses between the emitter and barrier on determining the threshold energy will be insignificant. In our analysis, the DOS of the emitter and transmission probability of holes across the heterointerface are related to the effective masses of holes, which only appear in the constant term of C 0 in Eq. (4). We specifically applied the IPE analysis based on Eq. (4) to the intra-band transition range (<0.3 eV) of the data of Coluzza et al. 3 to reinspect the E c value. The details are discussed in Sec. III B1.
In order to compare with the Fowler's formalism [Eq. (3)], an analytical form of Eq. (4) was deduced for hν > + E f by neglecting the band tailing, i.e.,
where Y 0 , φ and ψ only rely on variables in the brackets. This clearly accounts for the dependence of quantum yield on E f and T . In order to properly extract , the influences of E f and T have to be taken into account, particularly at high temperatures. Also, Eq. (5) predicts the linear spectral line shape instead of the Fowler-like power-law yield function.
III. EXPERIMENTAL DETAILS AND TDIPS RESULTS
The semiconductor heterostructures used in this study are based on GaAs/Al x Ga 1−x As material systems, consisting of multiple periods of p-type GaAs emitters and undoped Al x Ga 1−x As barriers grown by molecular-beam epitaxy (MBE). The periodic region was sandwiched between top and bottom (p + -GaAs) ohmic contact layers. Detail structure parameters are listed in Table I . Samples were processed by wet etching to produce square mesas, followed by Ti/Pt/Au ohmic contacts evaporated onto the top and bottom contact layers. A top ring contact with a window opened in the center was used to allow for front-side illumination. Samples were mounted in a Dewar with varied temperature from the temperature of liquid helium or nitrogen up to room temperature (RT) by using a built-in heater. The photocurrent spectra were measured on samples with active area of 260 × 260 ∼ 660 × 660 μm 2 by using a Perkin-Elmer system 2000 Fourier transform infrared (FTIR) spectrometer. In order to eliminate the influence of light source and optical components on the spectral line shape, the background signal was recorded by using a commercial bolometer, which has the flat sensitivity over the entire wavelength range being measured.
The quantum yield is proportional to the multiplication of spectral responsivity 34 and photon energy. To obtain the photoemission threshold ( ), fittings to the yield spectra were carried out in the near-threshold regime by using Eq. (4) and 41 and integrating the product of DOS by the FD distribution function over the entire range of energies. The upper end of the fitting range is near the point at which the yield line shape starts to change, while the lower end is selected at the spectral regime, which has the higher intensity than the noise level. However, the fitting results are insensitive to the selection of the fitting range. At high temperatures, a nonzero thermionic emission current mixes into the yield spectrum. In this case, Y 0 of Eq. (4) is set to the experimental yield value at the hν → 0 (eV) limit.
A. Distinguishing the IB and VB by TDIPS
In this section, TDIPS is used to distinguish the IB and VB of extrinsic semiconductors at different doping densities. This investigation would be useful for studying (Ga,Mn)As which is presently under debate about its electronic structure. In particular, for hole density higher than the insulator-to-metal transition (IMT) density, 18 hole transport in (Ga,Mn)As is debated to be through the IB [18] [19] [20] or VB. 21, 22 Ideally, quantum yield depends in part on the multiplication of the energy distribution function [ρ( ,−E f )] related to the band structure and the FD distribution function [f ( )], which represents the available number of carriers for photoemission. It is thus anticipated that TDIPS is sensitive to the band parameters, particularly to E f . Two cases of doping densities with different E f and [ρ( ,−E f )f ( )] are schematically shown in Fig. 1(a) . The dopant-induced energy level typically undergoes the following evolutions as the doping density increases: i) expansion into an IB and start to mix with the VB (not yet merged; the so-called separate-band picture or IB conduction); and ii) IB merged with the VB where carriers have the zero activation energy (the merged-band picture or VB conduction). The present study demonstrates TDIPS clarification between the band pictures of p-type emitters in GaAs/AlGaAs junctions doped to 1 × 10 17 cm −3 [sample S12a, the separate-band picture] 18 and 1 × 10 18 cm −3 [sample S12b, the merged-band picture], 42 respectively. Their photoemission thresholds satisfy
, as shown in the inset of Fig. 2(a) . δ BGR (−7 meV) and δ φ i (−8 meV) are the difference of the BGR-caused VB shifts ( BGR ) 43 between S12a and S12b, and the difference of the multiple-image force (MIF) barrier lowerings ( φ i ), 44 respectively. The bias-dependent MIF lowering can be evaluated by considering two emitters beside a barrier. 44 When the photon energy is much less than , ideally holes are unable to escape out of the emitter by absorbing photons. The yield spectrum of S12b shown in Fig. 2(a) approaches a horizontal shape when the photon energy goes below , and its yield approaches a nonzero value, which equals Y 0 of Eq. (4). On the contrary, the yield of S12a approaches the value (when hν → 0 eV) much less than that of S12b. This implies a higher value of S12a than that of S12b, since the thermionic emission current exponentially varies with .
IVB absorption 34 is proportional to the hole density and partially interprets the quantum yield of sample S12b higher than that of S12a as shown in Fig. 2(a) 
FIG. 2. (Color online) (a)
TDIPS fittings to the quantum yield spectra of samples S12a and S12b the emitters of which are nondegenerate and degenerate doped, respectively. The higher yield of S12b at the low-energy end than S12a results from the thermionic emission. Their Fermi level difference was obtained to be E f b − E fa = 24.5 meV. The corresponding band pictures with E f lying in the band gap (S12a) and in the VB (S12b) are shown in the insets. The different sharpnesses of barriers close to the heterointerface are due to the MIF barrier lowerings. (b) TDIPS fitting (solid line) to the IPE data (scattered data points) of the n-type GaAs/Al x Ga 1−x As heterojunction adopted from Coluzza et al., between these two samples, pointing to the varied E f . The fitted a and b are 106.4 meV and 81.9 meV, respectively, giving rise to E f b − E f a = 24.5 meV, which is close to Be (ptype dopant) binding energy (28 meV). 18 Since the behaviors of dopants in GaAs are well known, we calculated E f in order to compare with fitted results. Based on the insulating behavior 18 of p-type GaAs of sample S12a, its E f a was calculated to be −21.6 meV, thus giving E f b = 2.9 meV. This agrees with the calculated value of 1.5 meV based on the merged-band picture of 1 × 10 18 cm −3 p-type doped GaAs. 42 In general, E f can be obtained through measuring samples with different doping densities. Impurities in semiconductors usually have the known binding energies. For example, the magnetic dopant of Mn in GaAs has a larger binding energy (∼0.112 eV) than that of the nonmagnetic dopant of Be. 18 By measuring samples with varied doped densities, at the dilute doping where E f approaches the binding energy can be deduced. This determines E v since = |E f | + E v for the dilute doping case. The obtained E v in turn determines E f of samples with different doping densities, thus identifying the separate-or merged-band pictures.
The above analysis revealed two important characteristics of TDIPS: (i) determining precisely, thus capable of sensing a minute T variation, and (ii) distinguishing band structures with IB and VB separated or merged.
B. Determination of band offsets and their T dependence
Based on demonstrated accuracy, TDIPS is used to measure the band offsets and determines possible T dependency. The GaAs/AlGaAs heterojunctions have been studied.
n-type GaAs/AlGaAs heterojunctions
In this section, TDIPS is applied to reappraising the IPE data of Coluzza et al. 3 (n-type GaAs/Al x Ga 1−x As) and compared with their results based on the Fowler fitting method. 14 Coluzza et al. 3 reported the conduction band offset ( E c ) of n-type (n = 3 × 10 16 cm −3 ) GaAs/Al x Ga 1−x As heterojunctions by IPE measurements with the Vanderbilt free-electron laser as the optical source. They used the Fowler's yield function 14 of Eq. (3) to fit the near-threshold regime, as shown in Fig. 2(b) , which gives E c of 0.218 eV. In terms of the relationship between E c and x reported by O'Shea et al.:
2 E c = 0.84 x (eV) where E c varies between 0.21 -0.23 eV by taking into account experimental uncertainties, 3 the equivalent Al fraction is x = 0.25 -0.27, which is, however, less than their photoluminescence (PL) determined value of x = 0.30. They ascribed this difference to the changes in the stoichiometry of MBE grown Al x Ga 1−x As on going from the bulk (x = 0.3) to the region immediately close to the interface (x = 0.2). This would result in a potential grading in the barrier around the GaAs/AlGaAs interface. Thus, electrons should see a varied barrier height due to the barrier tilting under applied bias. However, such observations were not identified in their experiments.
As discussed in Sec. II, is typically underestimated by the Fowler method. With increasing the temperature, the Fermi level shifts deep into the band gap, whereas the higherenergy states of the CB will be more populated by electrons. This results in the shift of the near-threshold yield edge toward the lower photon energy end. Such temperature-related effects have to be taken into account in the quantum yield expression, in order to properly extract . To apply our TDIPS model [Eq. (4) ] to the nondegenerate case, 3 we set E f to −9 meV. Here, the negative sign of E f means the Fermi level lying below CB. The fitting shown in Fig. 2(b) gives the E c ∼ 0.258 eV or x ∼ 0.307, which is consistent with the PL result of Coluzza et al., 3 and also indicates the accuracy of the TDIPS analysis.
p-type GaAs/AlGaAs heterojunctions
The VB offsets of GaAs/Al x Ga 1−x As heterojunctions (Table I ) and their T dependence were obtained through analyzing quantum yield spectra at different temperatures, as shown in Figs. 3(a)-3(d) . Originating from IVB transitions, the IPE spectra can show characteristics related to the VB structure 34 such as the spin-orbit split-off band and heavy-hole band (so-hh) splitting. By comparing with direct transitions, indirect transitions could have the majority contribution to the IPE yield in the near-threshold regime. This is in contrast to absorption measurement dominated with the direct transitions, and may provide experimental evidence for phonon-assisted IVB absorption. 45 To reduce the uncertainty related to the calculation of MIF barrier lowering φ i , is extrapolated at zero bias voltage, as shown in Fig. 4(a) where typical plots of against (Electric Field) 1/2 are shown. The linear variations of with (Electric Field) 1/2 confirm the MIF effects. The VB offsets were then obtained by E v = − BGR + E f + φ i . In order to compare with previous reported T -independent values (Table II) , 2,7 the E v data were averaged over various Table I temperatures and fitted by a linear dependence of E v on the Al mole fraction, as shown in Fig. 4(b) . Our result agrees well with the data of Batey et al.
2 obtained from the Arrhenius plots over the temperature range from ∼80 K to RT, and is in the middle of the 4.2 K data of Yi et al. 2 and the RT data of Vurgaftman et al. for GaAs/AlAs. 7 To reconcile the slight difference between different temperatures, E v has to vary with temperature. This can be seen from the plots of TDIPS data at different temperatures as shown in Fig. 5(a) . The composition dependent E v{av} was obtained by a linear fit. Also shown are E v data adopted from Refs. 2 and 7.
account. This also results in T -dependent E v as a function of Al mole fraction: E v = (0.570 − 1.39 × 10 −4 T ) x (eV). The band offset can also be described by the offset ratio of r = E c : E v . Taking into account the T variations, r varies from 59 : 41 at 4.2 K 2 to 61 : 39 at 300 K for x = 0.4. The latter value is close to 62 : 38 suggested by Kroemer.
1 It is also clear that E v = 0.59 eV of GaAs/AlAs predicted by the first-principles calculations and model-solid theory 5, 7 is more close to the offset value at the T → 0 K limit.
IV. DISCUSSION
The T dependency of E v seems contradictory to the observation of T -independent E c reported by O'Shea et al.
2 However, our result is justifiable according to 6, 7 show a reasonable agreement, thus justifying our T -dependent results.
As it can be seen, the E v value of sample S57, which contains indirect-gap barriers (x = 0.57) is consistent with other direct-gap samples (x < 0.42). This is a consequence of the VB (of the emitter) to VB (of the barrier) emission, without the need of transitions across the band gap and the involving of X/L valleys. On the contrary, photoemission of electrons in n-type structures could be complicated by electron emission into the X/L valleys rather than valley if an indirect-gap barrier is present. For this reason, TDIPS could have the advantage of characterizing type-II (staggered band alignment) and type-III (inverted electronic structure, e.g., HgTe/CdTe where the 6 band of HgTe lies below the 8 band) heterojunctions.
The parasitic charge in the barrier region of a heterojunction could be one of the sources of errors in the measurements, and usually needs to be determined in order to properly extract the band offsets, by techniques such as the capacitance-voltage (C-V) measurement. However, the space charges in the AlGaAs barriers of p-type structures are sufficiently small and can be safely excluded.
2, 8 The most notable effect in the biasdependent measurements is thus the MIF barrier lowering, which is well depicted by the agreement between the values and the MIF fitting [see Fig. 4(a) ]. To fit the MIF lowering, the selection of data needs to exclude two bias regions. At biases around 0V, both forward and reverse photoemission currents coexist, which obscures the simple linear relationship of -(Electric Field) 1/2 . On the other hand, the quantum tunneling takes effect in the high field domain, which further reduces . The data plotted in the inset of Fig. 4(a) focus on a moderate bias region and are thus accounted by the MIF lowering alone.
As for TDIPS measurements, degenerate doping can provide high photon absorption to enhance the yield and also prevents carrier freeze-out at very low temperatures. The p + − i heterojunction with a doping density approaching or higher than the critical Mott transition density is somewhat similar to a metal-semiconductor system. On the other hand, doping-caused reduction in the band gap by BGR should be taken into account. Higher free-carrier density increases the many-body interactions between carriers, and between carriers and ionized impurities, which lowers the electron energy. From our results, BGR was properly handled based on the results of Jain et al. 43 under the rigid-band picture, where the VBs have a rigid upward shift.
Hole IPE was discussed by Helman et al. 46 on the basis of energy and transverse momentum conservation without considering the scattering effects. However, when the momentum conservation is explicitly required, the scattering effects should be taken into account. For elastic scattering, momentum conservation can be satisfied only if scattering events such as carrier-carrier, carrier-phonon scatterings, etc. are considered. For inelastic scattering (particularly in doped semiconductors), momentum conservation would not have to be obeyed. Therefore, it is infeasible to deduce the yield function by utilizing the momentum conservation when scattering events are involved. In our analysis, the quantum yield function has been formulated by taking into account the dominant photoexcitation and photoemission processes over the heterointerface as discussed in Sec. II. Since the momentum conservation is not explicitly considered in our model, both elastic and inelastic scattering processes can be allowed. Our analysis also neglects the influence of scattering on the determination of , on the basis of an assumption that the energy dispersion of quantum yield is independent of scattering. Since TDIPS gives the results in agreement with previous band-offset reports [ Fig. 4(b) ] and the E g parameter [ Fig. 5(b) ], this assumption should be acceptable. Also, this assumption can be justified based on the analysis of Mooney et al. 47 on the scattering. In their analysis, each successive phonon collision gives isotropic momentum and lowers the magnitude by a factor. Therefore, the dependency of the yield function on the photon energy is actually not affected by scattering. Mooney et al. also showed 47 that the threshold remains the same under different scattering conditions. This indicates that the scattering effects can be neglected as far as the determination of photoemission thresholds is concerned.
The minute T variations of VB offsets in GaAs/AlGaAs heterojunctions are closely related to the temperature behavior of E T g . In contrast to GaAs/AlGaAs, strong T -dependent E T g can be found in InAs/GaSb and HgTe/Hg 1−x Cd x Te 11 systems as shown in Fig. 5(b) ; both of which are of interest to fundamental research 48 as well as device applications. 13 The HgTe/Hg 1−x Cd x Te heterojunction has the largest temperature coefficient of E T g . Several studies on its T -dependent band offsets have been reported. 11 InAs/GaSb has the type-II alignment (i.e., E ] as a function of hole density for p-type (Ga,Mn)As/Al x Ga 1−x As and GaAs/Al x Ga 1−x As junctions. The value of (Ga,Mn)As/Al x Ga 1−x As is calculated by taking E f data from Ohya et al. 19 and the Mn binding energy of 0.112 eV. 18 Indicated (dashed vertical line) corresponds to the IMT critical density. 18 The merged-band picture of (Ga,Mn)As should lead to a similar variation to p-type GaAs.
III-V/Si. These structures have particular interests in developing hybrid photonic integrated circuits. 23 Previous conclusions on the T -independent band offsets were mainly based on the assumption of similar T dependency of E T g between the heterojunction constituents. 6 As shown in Fig. 5(b) , this argument should not be universally valid. With the expansion of modern heterojunction family such as magnetic 49 and oxide 50 heterostructures, a careful inspection on the T dependence of band offsets would be needed. It was pointed out by Kroemer 8 that an understanding of offset variations on the ± 5 meV level is crucial even to device applications that can tolerate an accuracy better than ±0.1 eV. The T -dependency nature very likely causes such a small variation and is thus more favorably considered as a universal characteristic, probably a necessity for the band-offset determination of some heterojunctions. A new strategy for designing devices is thus required accordingly.
As another application of the TDIPS method, a proposed measurement to identity the IB or VB conduction for (Ga,Mn)As is illustrated in Fig. 6 . Typical clarification of the (Ga,Mn)As band structure is accomplished by distinguishing the IB-to-VB and VB-to-VB hole transitions, 22, 51 which needs to track the optical properties of samples with varied Mn doping densities. In TDIPS measurements using heterojunctions such as (Ga,Mn)As/AlGaAs, E f of (Ga,Mn)As can be obtained by determining the photoemission threshold. This process is similar to the analysis of sample S12a and S12b as described in Fig. 2(b) , where a difference of 24.5 meV in E f can be resolved. Figures 6(a) and 6(b) schematically show two band pictures of p-type (Ga,Mn)As with different , associated with different E f values. Because of the large binding energy of Mn (0.112 eV) and the very high hole density of (Ga,Mn)As, of the IB conduction [ Fig. 6(a) ] is appreciably greater than that of the VB conduction [ Fig. 6(b) ]. Figure 6 (c) plots for both cases as a function of hole density, where nonmagnetic p-type GaAs was considered as an estimation. The merged-band picture of (Ga,Mn)As should resemble that of the p-type GaAs. An energy difference of 0.21 eV in between two band pictures occurs at the IMT density, 18 and is nearly an order of magnitude greater than the p-type GaAs case [ Fig. 2(b) ]. This will enable TDIPS to be sufficient for studying (Ga,Mn)As.
V. CONCLUSION
In summary, studies on the band parameters of p-type heterojunctions were reported by using the VB-to-VB IPE measurements and the theoretical analysis. The significance of this paper includes (i) evidencing the universal characteristic of the T dependency in band offsets, (ii) disclosing the previously ignored T dependence of VB offsets for GaAs/Al x Ga 1−x As: E v = (0.570 − 1.39 × 10 −4 T ) x (eV), and (iii) investigating the electronic structure of extrinsic semiconductors, such as clarifying the ambiguity in the band pictures of (Ga,Mn)As [IB or VB conduction]. 52 Our conclusion on the bandoffset T dependence is consistent with both theoretical and experimental studies. Our survey on the band-gap T behaviors confirms that particular attention should be given to the bandoffset T dependency of several heterojunction systems with important application interests in the areas of optoelectronics and microelectronics.
